Infrasound monitoring has proved to be effective in detection of the meteor generated shock waves. When combined with optical observations of meteors, this technique is also reliable for detecting centimeter-sized meteoroids that usually ablate at high altitudes, thus offering relevant clues that open the exploration of the meteoroid flight regimes. Since a shock wave is formed as a result of a passage of the meteoroid through the atmosphere, the knowledge of the physical parameters of the surrounding gas around the meteoroid surface can be used to determine the meteor flow regime. This study analyses the flow regimes of a data set of twenty-four centimeter-sized meteoroids for which well constrained infrasound and photometric information is available. This is the first time that the flow regimes for meteoroids in this size range are validated from observations. From our approach, the Knudsen and Reynolds numbers are calculated, and two different flow regime evaluation approaches are compared in order to validate the theoretical formulation. The results demonstrate that a combination of fluid dynamic dimensionless parameters is needed to allow a better inclusion of the local physical processes of the phenomena.
INTRODUCTION
Studies of meteoroids entering the Earth's atmosphere offer insight into the characteristics of these objects, as well as the conditions under which they produce shock waves. Despite recent advancements in meteor science, the classically derived flow regimes of meteoroids in the centimeter size range have never been validated against a well constrained observational data set. Validation and better characterization of the flow regimes associated with bright meteors are essential for considerations of the onset of shock waves produced by these objects in the upper atmosphere, as well as for developing new atmospheric flight models, the examination of ablation processes assumptions and the improvements of the studies derived from meteor observations. Furthermore, these may have implications on other scientific areas such as: aeronomy, shock physics, meteor and near-Earth Object (NEO) research, and planetary defence studies.
Flow regimes
Meteoroids are solid objects which originate from comets, asteroids and other solar system bodies. Their orbits are perturbed by the gravitational influences of planets, or due to collisions (Jenniskens 1998; Trigo-Rodríguez et al. 2005a; Trigo-Rodríguez et al. 2005b; Dmitriev et al. 2015) . Meteoroids impact the Earth's atmosphere at hypersonic entry velocities, ranging between 11 -73 km/s, corresponding to the Mach number (Ma), which represents the ratio of the meteoroid velocity to the local speed of sound at the meteoroid surrounding flow conditions, between 35 and 270 (e.g., Ceplecha et al., 1998; Jenniskens 1998; Baggaley 2002; Gritsevich 2009) . If large and capable of depositing sufficient energy, these objects can generate shock waves that in some cases might produce destructive effects on the ground (e.g., Brown et al. 2013b; Tapia & TrigoRodriguez 2017) .
Upon encountering the Earth's atmosphere, the meteoroid generates light (due to friction with air molecules followed by ionization, ablation, sputtering, and fragmentation), eventually producing a bright column of ionized gas called a meteor.
On its passage through the atmosphere, the meteoroid encounters increasing gas density and thus an increasing number of impinging particles. However, the number and energy of the impinging particles are not only a function of the gas density at the corresponding height, but are also related to the velocity and the size of the body. The kinetic energy of the impinging particles depends on the Mach number. This results in several possible physical flight scenarios known as the flow regimes. There are four commonly accepted flow regimes: free-flow, transitional, slip-flow and continuum. These are characterized by a dimensionless parameter called the Knudsen number (Kn), which is defined as the ratio between the mean free path of the gas molecules (λ) to a characteristic length scale (L) of the body immersed in the gas, and thus Kn=λ/L. It is quite common to use an equivalent radius of the meteoroid (r) as the characteristic length (e.g. Gritsevich & Stulov 2006) . However, when a boundary layer exists (a region in the vicinity of the body where the viscous effects are significant), the thickness of the boundary layer (δ) is used as the characteristic scale, Kn=λ/δ (Bronshten 1965 (Bronshten , 1983 .
Alternatively, the Kn number can be described as the inverse product of the intermolecular collision rate (ν) and a characteristic flow time (t), thus Kn=1/(ν·t). The latter definition demonstrates that the larger the number of the collisions for a given time, the smaller the Kn value. Note that the collision rate applies only to the gas molecules; the collisions against the body surface are not accounted for in this scenario. The rate of collisions controls the distribution of velocities of the impinging molecules and thus the mathematical formulation to be applied to the physical scenario. This eventually hinders a sharp delineation of the flow regime limits, since it is not trivial to constrain the molecular collision rate at each stage of the meteoroid's descend through the atmosphere.
The first Kn expression, Kn = λ/L, is the most common and practical, although defining λ can be challenging as its definition is not unique, and it can be regarded differently owing to the molecules and the reference frame considered in a given study.
As explained in Bronshten (1983) , there are more than eight possible scenarios, out of which, two are usually the most commonly adopted. On the one hand, blunt bodies (i.e., re-entry vehicles) are generally studied using a reference frame moving with the gas and the equilibrium air molecules. On the other hand, as discussed by Rajchl (1969) and Bronshten (1983) , for meteor problems where the immersed body loses material during its movement and the shape of the meteoroid is not known, it is more realistic to fix the reference frame to the meteoroid and study the mean free path of the reflected (or evaporated) molecules relative to the impinging molecules. Furthermore, this approach allows a separate analysis of the various local scenarios in the vicinity of the meteoroid (Josyula & Burt 2011) . To make a distinction between these scenarios, the latter Kn is renamed to B (Rajchl 1969) or Knr (Bronshten 1983) . Hereafter, the nomenclature Knr will be adopted to refer to this second definition of Kn approach, where the reference frame is fixed to the meteoroid.
There are various flow regime classifications based only on Kn or a combination of
Kn with other parameters. The most widely used classification (hereafter referred to as the classical scale) accounts for the number of intermolecular collisions in a specific time (recall that Kn is proportional to the inverse product of the intermolecular collision rate); it is as follows: i) Free molecular regime, Kn>10. The number of intermolecular collisions is scarce.
Single molecules hit the immersed body;
ii) Transitional regime, 0.1<Kn<10. The mean free path of the molecules is of the same order of magnitude as the body characteristic size. There are collisions between molecules;
iii) Slip-flow regime, 0.01<Kn<0.1. There is a slightly tangential component of the flow velocity in the boundaries of the body's surface, but there is no adhesion of the flow to the body's surface; iv) Continuum-flow regime, Kn<0.01. The flow is considered to be continuous.
Another typical strategy is to delimit the flow regimes considering the relevance of the viscous effects. This is done via the value of the Reynolds number, Re. This physical parameter compares the convective forces to the viscous forces of a fluid, Re = ρvL/μ (where ρ is the gas density, v is the flow speed and μ is the gas dynamic viscosity).
It will be seen later, in the Methodology section (Eq. (2)), that Knr, as defined using a frame fixed on the meteoroid, is a function of the Re number, and thus, using this scale the actual conditions for each event are more explicitly considered. Tsien (1946) noted the importance of these viscous effects and outlined a flow regime classification based on the comparison of the mean free path of the gas molecules (l) to the thickness of the boundary layer (δ). This scale is then described as in Tsien (1946) Kn definition (the reference frame moves with the gas flow), and the particulars derived from the use of another frame should be studied individually. In this study, in line with Bronshten (1983) , the consideration of Knr instead of Kn, which accounts for the mean free path of the reflected (evaporated) molecules relative to the impinging molecules (lr)
instead of the mean free path of the gas molecules (l), allows for the use of the two flow regimes scales (classical and Tsien's) described above. Additionally, Tsien (1946) originally suggested the classical scale to be used when the Kn is defined with the thickness of the boundary layer (Bronshten 1965) .
Another classification was introduced by ReVelle (1993) . He developed a meteoroid flight regime scale using Kn and three related parameters: a variation of the shape coefficient (effective mass/area), a variation of the ablation coefficient, and the height at which the kinetic energy has been reduced down to 1% of its initial entry value.
This classification describes six different regimes. However, these parameters cannot be retrieved accurately from observations and thus the reliability of the results depends on the accuracy of the input data. This flight regime classification will not be accounted for in this study.
The formation of the vapour cloud and the shock wave
As the surrounding gas density increases, the number of impinging high energy particles becomes larger. The first layer of evaporated particles provides the meteoroid surface with a surrounding vapour cloud that screens the meteoroid from further high energetic impacts (also known as "hydrodynamic shielding"). The vapour cloud increases the number of the collisions, while the impinging particles are decelerated (Rajchl 1969 , Bronshten 1983 . When the mean free path of the vapour particles becomes an order of magnitude smaller than the meteoroid radius, the screening acts more efficiently (Popova et al. 2000) . Besides, due to the reduction of high energy impacts, the atoms and ions within the hydrodynamic shielding cap can no longer be considered to be embedded in a hypersonic flow (see Bronshten 1965 Bronshten , 1983 , and the hypersonic flight scenario becomes complex. Note that the simulations performed by Popova et al. (2000) for centimetre-size meteoroids show that the main dependences of the hydrodynamic shielding parameters are the size and the altitude of the meteoroid.
The vapour cloud virtually increases the cross-sectional area of the meteoroid (that collides with the atmosphere) by up to 2 orders of magnitude (Popova et al. 2000; Boyd 2000) . When the vapour cloud reaches a pressure that exceeds that of the surrounding atmospheric gas (the vapour cloud is highly compressed), the vapour cloud expands like a hydrodynamic fluid into the surrounding, less dense environment (Popova et al. 2000) .
The outer layers of the cloud expand at supersonic speeds and a detached shock wave forms ahead of the body. The extent of the shock layer (defined as the space between the shock wave and the meteoroid surface) determines the amount of ionization and dissociation of the gas molecules (Bronshten 1965; Rajchl 1969) . There is an extensive mathematical formulation and discussion on the physical phenomena that take place in the shock wave front, shock wave layer and meteor trail in Bronshten (1965) . Along with this, a detailed scheme and a complete description of the meteor generated shock waves, the flow fields and the near wake can be found in Silber et al. (2017; 2018b) .
According to the computational approach of Popova et al. (2000) and Boyd (2000) , though based on several simplifying assumptions, the vapour cloud should appear during the transitional regime. This agrees with Rajchl (1969) , who suggests that the vapour cloud should persist up until the beginning of the slip-flow regime. Nevertheless, identifying the moment when the meteor generated shock wave sets on is not fully understood. However, a more detailed discussion on this is beyond the scope of this paper, and the reader is referred to the comprehensive review on the topic of meteor generated shock waves (Silber et al. 2018b ).
Linking the classical theory to observations
Observations of the meteor generated shock waves are complicated, and previous attempts using photometric measurements provided only preliminary conclusions (Rajchl 1972) . While optical observations can be used to visually detect a meteor, this approach cannot provide solid evidence of the presence of the shock wave, especially for subcentimetre and centimetre-sized meteoroids at high altitudes (e.g., the mesosphere-lower thermosphere or MLT region of the atmosphere). The high luminosity of the meteor phenomena, coupled with the fact that the shock front is very thin and attenuates very rapidly (Silber et al., 2017; 2018b) , do not allow for direct optical detections of the shock wave (e.g., Schlieren photography). A quite different approach consists of surveying infrasound produced by the meteor generated shock waves.
Infrasound is low frequency (< 20 Hz) sound lying below the human hearing range and above the natural oscillation frequency of the atmosphere. Due to its very low attenuation rate, infrasound is an excellent tool for monitoring and studying impulsive sources in the atmosphere (e.g., ReVelle 1974; Silber et al. 2015; Silber & Brown 2019 and references therein). A shock wave, initially in the highly non-linear strong shock regime, eventually decays to a weakly nonlinear acoustic wave which could, given favourable conditions, be detected infrasonically at the ground (Silber et al. 2015) . A theoretical approach to derive meteoroid parameters from infrasonic signatures, conceived by ReVelle (1974 ReVelle ( , 1976 , was recently improved and subsequently validated (Silber et al. 2015 ) using a database of well constrained centimetre-sized meteoroids (Silber & Brown 2014) . Using optical measurements and infrasound detections of bright meteors, Silber & Brown (2014) constrained the altitude of the meteor generated shock wave by finding the point along the meteor trajectory from which infrasound signal originated. Although this altitude is not diagnostic of the initial onset of the shock wave, it represents the earliest detected point at which the shock wave is proved to exist, which is an important pre-requisite for the purpose of our study. While there is strong evidence suggesting that in some cases the onset of meteor shock waves could take place much earlier than predicted by classical methodologies (Silber et al. 2017 and references therein), the Knudsen scale has never been verified against observations of centimetresized meteoroids.
In this study, we analyse the homogeneous database of 24 centimetre-sized meteoroids detected simultaneously by optical and infrasound systems, and published by Silber et al. (2015) . However, constraining the meteoroid size (radii) could be challenging, as it may vary according to the methodology used (see, e.g. Gritsevich   2008c ). Since the identification of the meteoroid flow regimes depends on this parameter, masses derived through five different approaches are accounted for in this study. First, an empirical law described by Jacchia et al. (1967) is used. It relates the following parameters to the meteoroid mass: the meteor magnitude in the photographic bandpass, the zenith angle of the radiant, and the speed at that point. Second, the photometric mass derivation method is applied as described in Ceplecha et al. (1998) . It is known, that some portion of the kinetic energy lost by a meteoroid is converted to light emission, which can be mathematically expressed with the use of the luminous efficiency factor. The approach of Ceplecha et al. (1998) considers equation describing change in kinetic energy along with the assumption that a variation in the meteoroid velocity due to deceleration can be neglected compared to the loss of meteoroid mass. The magnitude of luminosity emitted by the meteor is then a function of the mass loss exclusively. Along with this, the rate of mass loss is assumed to be constant during ablation. The third photometric approach applied in the present work uses a more complex correlation between the fragmentation model and the light curve, described in Ceplecha & ReVelle (2005) . A detailed description of the implementation particulars of these methods can be found in Silber et al. (2015) , and thus will not be further described here. These three mass estimates will be hereafter referred to as JVB, IE (integrated energy) and FM, respectively, as previously defined and published in Table S3 of Silber et al. (2015) . For comparative purposes, we also include the meteoroid mass estimates derived from the infrasound analyses (Silber et al. 2015) as the final two approaches. The fourth mass estimate is calculated from the observed information of the infrasonic signal period in the linear regime, and the fifth mass from the observed infrasonic signal period in the weak shock (ws) regime (ReVelle 1974 (ReVelle , 1976 ). This will be described in Section 2.2, and further details can be found in Silber et al. (2015) .
Implications of the identification of meteor flow regimes
Besides the simulations carried out by Boyd (2000) and Popova et al. (2000) , the flow regimes of small meteoroids impacting the Earth at hypersonic velocities have not been studied in depth. These two studies tackled the problem from a numerical simulation approach. Campbell- Brown & Koschny (2004) developed a meteoroid ablation model for faint meteors under the free-flow regime conditions, and illustrated the differences in the meteoroid flow regimes with sizes up to one meter depending on whether the vapour cloud is taken into consideration or not. However, no study has described and validated the meteoroid flow regimes by means of observations that account for the existence of the hydrodynamic shielding.
As follows from Popova et al. (2000) and Silber et al. (2017) , overdense meteors (as described in Silber et al. 2017 , particles sized between 4·10may reach the continuum flow regime below 90-95 km altitude as the flow pressure at that point will be smaller than the vapour gas pressure. It is well defined, though, that most meteoroids do ablate (which involves the possible onset of the vapour cloud and the shock wave) between 70 and 120 km; this region corresponds to the MLT region of the atmosphere. At these heights, the atmospheric conditions are dominated by large amplitude thermal and gravitational tidal waves which increase inner momentum of the fluid. Among other effects, this causes a rapid change in the gas molecular density which ultimately leads to a variation in the molecular mean free path.
Based on infrasound data analysis, it is possible to determine the earliest confirmed height along the meteor trail at which the shock wave is present. This knowledge can be used to determine the surrounding atmospheric gas conditions and ultimately the meteoroid flight flow regime. Moreover, since the shock wave is an indicator of the energy released by the event, the association of meteor flow regimes with the presence of a shock wave will provide relevant clues on the meteoroid flight parameters required to deposit energy in the upper atmosphere.
To our knowledge, the meteoroid data set of Silber et al. (2015) is the only welldocumented and well-constrained set of centimetre-size events to-date. In this study, we aim to elucidate the complexities associated with the meteor flow regimes of bright meteors. Using the classical theory along with this homogeneous, observational data set of well-constrained meteoroid events recorded both optically and infrasonically, we aim to determine and validate the flow regimes of centimetre-sized meteoroids in the upper atmosphere. In order to get a deeper insight on the suitability of this approach, both the classical and the Tsien (1946) Knudsen scales are implemented to determine the flow regimes. We also examine whether these two Kn scales can be employed as useful proxies in determining the flow regimes of meteoroids in the cm-size range in future studies. This also allows us to elucidate the flow regimes associated with an apparent early onset of meteor generated shock waves by linking the observations to a theoretical approach. To our knowledge, none of these points have been addressed before.
The paper will continue with a description of the infrasound methodology and the Kn calculation in Section 2. The results and discussion are summarized in Section 3. Finally, the conclusions of this work are presented in Section 4.
METHODOLOGY

The data set -background
Our data set is taken from Silber et al. (2015) . While the detailed methodology outlining data collection, reduction and analyses pertaining to the data set was published in Silber and Brown (2014) , we briefly summarize important points here for clarity. The meteors in the data set were recorded simultaneously by all-sky cameras (the All-Sky and Guided Automatic and Realtime Detection (ASGARD) network) and infrasound array (the Elginfield Infrasound Array (ELFO)), which are the part of the regional fireball observations network located in Southwestern Ontario (Canada) .
The advantages of having both optical and infrasound systems within the same network, and thus close together, are twofold. First, given favourable conditions, some meteors (such as those analysed in this study), can be recorded by both optical and infrasound systems simultaneously. Second, it is more likely to detect direct arrivals, or infrasound sources within ~300 km of the receiver. The relevance of this lies in the fact that there is a rapid decrease of the infrasound signal-to-noise ratio (SNR) for events that originate too far from the infrasound array (> 300 km). Provided that the shock wave typically forms at high altitudes (Popova et al. 2000; Silber et al. 2017) , the atmospheric conditions along the propagation path can adversely affect the signal and therefore hinder the detection efficiency of infrasound. Thus, direct arrivals are less likely to suffer from irreversible changes (Silber & Brown 2014; 2019) . Only about 1% of optically detected centimetre sized meteoroids are also captured by infrasound (Silber & Brown 2014) .
Our data set consists of only the best constrained events for which at least one infrasound source height is accurately obtained, have reliable optical measurements, and do not show abrupt deceleration or fragmentation. Several cases for which two infrasound sources are obtained are also included in this study, but only the earliest source is considered. This is because only the highest altitude associated with the shock wave is relevant to the analysis of the flow regimes, as this is where the most uncertainty exists.
Low altitudes (e.g. below 70 km) are usually associated with the continuum flow, where the verification is then no longer a practical task.
Derivation of meteoroid sizes from masses
The estimation of the meteoroid characteristic size, its radius (r), is not straightforward. This value is derived from the meteoroid masses. The masses used in this study have been derived using the five different methods, as described in the Introduction, three of them based on the analysis of the photometric light curve produced by the meteor and the remaining two using infrasound techniques. The infrasound masses are calculated using Eq. (8) in Silber et al. (2015) :
where ρm is the meteoroid density and R0 the blast radius. The blast radius is proportional to the product of the meteoroid diameter (d) and the Mach number (R0 ≃d·Ma), and it is defined as the distance between the shock source to the point where the overpressure (the excess pressure over the local atmospheric pressure generated by the shock wave) approaches the local atmospheric pressure. Thus, it is a way of determining the instantaneous energy deposition. Kinetic energy and R0 are interconnected ( Figure 1a ), especially if there is no abrupt deceleration or gross fragmentation that would skew the magnitude of R0 (see Silber et al. 2015 for further discussion). Indeed, as shown in Figure   1a , none of the events analysed here undergo fragmentation or abrupt deceleration, which attests to the suitability of the data set for the purpose of our study. The blast radius can be obtained through correlating the observed infrasonic signal period with the modelled period in the linear and weak shock regimes (for a more detailed discussion, see Silber et al. 2015) . It should be stated that, while infrasound is a reliable tool for detecting meteors and estimating the source function, it has not been validated sufficiently well for the purpose of estimating the meteoroid masses. Hence, infrasound masses are often either under-or overestimated compared to photometric masses. Despite this shortcoming, we include meteoroid radius estimates from infrasonic masses for the purpose of direct comparison and for the sake of completeness.
One source of uncertainty to be considered when calculating the five radius estimates (photometric and infrasonic) is that meteoroids do not have a fixed bulk density value. While this value is usually assumed to be fairly similar to a certain reference density according to the meteorite classification, other parameters such as the micro-and macro-porosity or case specific mineral inclusions can alter it significantly (Britt & Consolmagno 2003; Babadhaznov & Kokhirova 2009; Meier et al. 2017 ).
Possible meteoroid associations to well-studied annual meteor showers were explored by Silber & Brown (2014) . Previous studies of known meteor showers could provide additional clues on the meteoroid density. However, since only five of the events in our data set show such a relationship, providing insufficient statistics, for this work the possible density values for each meteor shower are disregarded. From the observational data, Silber et al. (2015) retrieved the PE parameter (see table S4 in Silber et al. 2015) described in Ceplecha & McCrosky (1976) . The use of this parameter as a meteor classification criterion has been widely adopted (e.g. Brown et al. 2013a ). The range of densities assigned to each PE value relies on the statistics built up with the density derivation for each meteoroid using a dynamic analysis of the trajectory of accurately observed meteors; however, individual density errors may ultimately affect the statistics of the result. The PE values for some meteors of the current data set lead to the meteoroid density values of 270 kg/m 3 . Such a value is smaller than that of water ice (916.8 kg/m 3 ).
Though these density values might be possibly depending on the packing factor of fractallike structures (see e.g., Blum et al. 2006) , typical meteoroid bulk densities are usually larger (e.g., common chondritic meteorite bulk density ranges between 3000 -3700 kg/m 3 ; see Consolmagno & Britt 1998; Flynn et al.1999; Wilkison & Robinson 2000) .
On the other hand, as per the classical classification of meteoroids accepted for stony bodies, a reasonable bulk density approximation corresponds to the value of 3500 kg/m 3 (Levin 1956 ). This value has been widely in use (see, e.g., Halliday et al. 1996; Ceplecha 1998; Gritsevich 2008b; Gritsevich 2009; Bouquet et al. 2014) and it is thus chosen for this work. Note that this value could be large for fragile meteoroids as discussed in Britt & Consolmagno (2003) , who suggest density close to 2500 kg/m 3 for carbonaceous chondrites. Nonetheless, the assumption of either value does not significantly affect the resulting Knr number. The meteoroid data set under this study consists of cm-sized bodies whose exact characteristic size may show only slight variation, according to the mass and density chosen. Furthermore, this variation could be neglected, as the Knudsen number is principally affected by the characteristics (velocity, density and temperature) of the incoming flow. In the scenario studied in this work, the high energy collisions with the ambient species are effective in slowing down the ablated species in the meteor flow field.
This consequently leads to high ranges of temperature and density in the shock layer, which play the main role in varying the value of Knr. Thus, the most critical input parameter in this analysis is the incoming gas flow velocity.
The characteristic meteoroid radii were derived for each of the five mass estimates by considering a spherically shaped object of the same mass and bulk density. It is evident that the mass estimates obtained from each methodology (photometric and infrasound)
differ notably due to intrinsic assumptions associated with each. We will discuss shortly what the implications are to the overall results in this study (see the Section 3). The radii, along with other parameters obtained from the meteor infrasound detection and luminous path observations by Silber et al. (2015) are shown in Table 1 . Note that all the five meteoroid sizes vary from r ~ 0.18 to r ~8.8 cm. The spread in meteoroid radii as a function of altitude is shown in Figure 1b .
Calculation of the Knudsen number
We now turn our attention to the approach to obtain the flow regimes from classical considerations, as applicable to the data set at hand. As already stated in the Introduction, the meteoroid reaches a point at which the surrounding screening vapour gas expands like a hydrodynamic fluid into the surrounding, less dense environment (Popova et al. 2000) . This causes the atmospheric gas density to adapt abruptly to the expanding vapour gas. This creates a shock wave through which the atmospheric gas increases its pressure and temperature. The equations of Rankine-Hugoniot relate this change between the gas state at both sides of the detached shock wave. These equations can be applied if one-dimensional compressible, inviscid and adiabatic fluid is assumed.
Thus, they do not consider viscosity effects, radiation or conduction heat transfer, nor gravitational acceleration.
Using these relations, the gas conditions behind the detached (if the Mach number of the gas flow behind the shock layer is subsonic) shock wave can be retrieved. It is important to note that the density and temperature jump of the shock wave strongly depends on the adopted γ value. Thus, increasing or decreasing γ could vary the magnitude of this jump. While the best approach would be to vary γ according to the atmospheric conditions and the physical scenario, the dynamical changes in the value of γ in the flow field can only be tracked through sophisticated numerical simulations. Even so, the existing numerical models are unable to accurately describe the hypervelocity flow conditions associated with meteoroids propagating at velocities greater than about 35 km/s, especially in the upper atmosphere, where the object might be on the boundary of the transitional flow. Thus, in our study, the gas is assumed to be calorically ideal, with the constant ratio of specific heat (γ =cp/cv) equal to 1.4 (this is the value for an ideal diatomic gas). This assumption is generally considered to be a valid approximation for explosive sources with a narrow channel (when the shock wave can be approximated as a cylindrical line source, see Taylor 1950) including meteoroid entry problems, and as such is also employed in other studies (e.g., Popova et al. 2000; Zhdan et al. 2007; Sansom et al. 2015; Chen et al. 2017) . The reasoning for such approach is that the rarefied ambient density (e.g., the MLT) decreases the value of γ, while presence of strong radiative phenomena (associated with meteors) increases the value of γ. While this might be an oversimplification, any other assumptions implemented in the analytical approach and the classical theory could introduce additional uncertainties and skew the results.
The atmospheric conditions, density and temperature, of the incoming gas flow are estimated using an empirical atmospheric model. For this study, the NRLMSISE-00 atmospheric model (Picone et al. 2002) was chosen. This model provides the atmospheric profile above a specific geocentric location (longitude, latitude and ground altitude) for a required date and time and is among recommended for the use in meteor analysis (Lyytinen & Gritsevich 2016) . We use the geographical location of the infrasound array and the infrasound wave arrival time for each event (Table 1) in order to retrieve the atmospheric conditions from the NRLMSISE-00 model. These are then used as the input parameters in the Rankine-Hugoniot equations to obtain the flow conditions in the shock layer and eventually allow the derivation of the Ma, Re and Kn numbers.
The meteor events in our data set have shock source height uncertainties that range between 0.3 km and 4.2 km (see column 3 in Table 2 ), although for most of the cases this uncertainty is ≤ 1 km. For such a limited height uncertainty, the surrounding atmospheric gas conditions will not show large variations and therefore it is possible to assume that the gas pressure, density and temperature values are fixed.
Once the atmospheric conditions of the incoming gas flow are determined (temperature, density and velocity), the sound speed and the Mach number upstream and downstream relative to the shock wave, and the gas state in the shock layer are calculated.
Note that a normal front shock wave has been assumed. In principle, the bow shock wave tends to wrap around the meteoroid; however, the Mach cone angle, defined as the angle between the body movement direction and the normal vector of the shock wave, is equal to the arcsin(1/Ma), and thus it deviates only marginally from zero for the incoming gas flow.
The resulting atmospheric gas conditions behind the shock wave are used to derive the Knudsen number. As discussed in the Introduction, the Knr is the most suitable Knudsen number description for meteor physics problems. Equation (2) shows the relationship between the Knr and the gas physical variables (Bronshten 1983 ):
Here, cs is the local speed of sound, is the average velocity of the vaporizing molecules (Bronshten 1965) , R is the universal constant of the gases, M is the molar mass of the gas, Tw is the meteoroid's surface temperature, γ is the constant ratio of specific heat, µ is the gas dynamic viscosity, v∞ is the velocity of the incoming gas flow, ρ is the gas density, r is the equivalent radius of the meteoroid (derived assuming a spherical body), and T is the gas temperature. Note that according to Eq. (2) Knr can be expressed in terms of the Re number and the local speed of sound.
The derivation of the Knr (Eq. (2)) involves the previous knowledge of a set of variables. The density and the temperature of the incoming gas are calculated behind the shock wave. The gas flow conditions upstream and downstream of the shock wave can be found in Table 2 (note that the upstream and downstream, respectively, refer to the flow regions ahead and behind a reference point, which in this case is the shock wave).
The dynamic viscosity is a function of the gas temperature, and it is given by Sutherland (1893):
.
The velocity of the incoming gas flow is the velocity of the meteoroid when the frame of reference is set on the meteoroid surface. For simplicity, this velocity was assumed to be equal to the initial velocity observed along the meteor luminous trajectory path. While this value will remain temporally constant only for those fast meteors within the study data set that experience little deceleration, it will be argued later that the Knr results are not largely affected and this assumption is valid. Additionally, meteoroids typically undergo notable deceleration at lower altitudes, where the atmospheric density is greater. Thus, at altitudes investigated here, deceleration can be assumed to be negligible. Furthermore, as stated in Silber et al. (2015) , the meteoroids in our data set did not undergo abrupt deceleration, as that was one of the pre-requisites of the weak shock model validation.
Finally, there is no unique methodology to determine the meteoroid surface temperature. Indeed, it is a challenging issue. It is generally assumed that upon the onset of the ablation, the main evaporation phase begins once the temperature reaches 2500 K (Ceplecha et al. 1998; Boyd 2000; Popova et al. 2001; Jenniskens 2006) , and it shall not largely increase afterwards as the kinetic energy is mainly employed in the ablation process itself. On the other hand, using emission spectroscopy techniques, Borovička (1993, 1994) and Trigo-Rodríguez et al. (2003 ) compared synthetic spectra with the observed meteor spectra and found an excellent match for most lines. They determined that there were two separate range of temperatures that could match the two differentiated spectral components that the meteors produced at 3500 -5000 K for most of the excited composition elements, and at around 10 000 K for some specific ionized elements. As the infrasound analysis reveals the altitude at which the shock wave originated (but not the earliest point at which the meteoroid started generating the shock wave upon entering the atmosphere), a conservative approach was used assuming that the meteoroid surface temperature is close to 2500 K. Furthermore, as the shock source altitude was constrained by Silber et al. (2015) to within ± 1 km for more than half of the cases (although eleven events have the altitude uncertainty of up to 4.2 km, see Table 2 , column 3), there exists a difficulty in accurately determining the level of evolution of the ablation process of the meteoroid. It should be noted, though, that the temperature rise in the shock layer will reach and even exceed ~ 10 6 K. Hence, depending on material properties and velocity of the meteoroid, the meteoroid surface temperature Tw will be two or three orders of magnitude smaller than the gas flow temperature, and as stated by Eq. (2), variations between Tw ~2500 -5000 K will not largely affect the rate Tw/T. The remaining uncertainty is well within the uncertainties in the radii size.
RESULTS AND DISCUSSION
Analysis of the Knudsen number results
The results of the Knr, Re and flow field calculations are summarized in Table 3 . We show the relations between Knr and various quantities; these are altitude (Figure 2a is increased, the flow regime shifts to lower Knudsen numbers for the shock source altitudes observed.
The amount of kinetic energy released at the shock source height shows little variation when all the masses and their respective Knr are compared. Figure 2b indicates a slight shift toward higher Knr of those meteoroids with lower energies. However, care must be given here, as the statistically small meteoroid data set might lead to a weak relationship.
It can, however, be acknowledged that the energy deposition at the shock altitudes (50 to 100 km) varies by three orders of magnitude, from 10 3 kJ to 10 6 kJ. The combination of different values of the velocity and entry angle affects how the meteoroid releases energy and produces infrasound that can be detected on the ground (Silber & Brown 2014 ). The results obtained here expand this discussion and allow us to determine the flow regime associated with the point along the meteor trajectory at which the energy was deposited (and subsequently recorded by infrasound). The results (Table 3) suggest that the shock waves could, in principle, form prior to the continuum flow regime and mainly during the slip-flow regime (or even the transitional if the classical scale is considered). We attribute this to the formation of the hydrodynamic shielding, which, as explained in the Section 1.2, acts to increase the effective size of the meteor cross-section (Bronshten 1983; Popova et al. 2000; Campbell-Brown & Koschny 2004; Silber et al. 2018b) . While this result suggests that infrasound can be used to obtain relevant meteoroid flight parameters, more sophisticated numerical models (yet to be developed) are recommended to further investigate our assertion and to determine the earliest possible point at which the shock wave forms when a meteoroid undergoes strong ablation in rarefied flow conditions.
The results shown in Figure 2c show that the shock wave associated with the fastest meteoroids is detected when these bodies are between the transitional and slip flow regimes according to the classical scale. We will see later that if the Tsien's scale is used (Table 3) , all meteoroids are within either the slip or continuum flow regime. Note that for these fast meteoroids, the shock wave is detected at higher altitudes than usually expected for a typical meteoroid (see Table 2 ). Our results corroborate the results of Popova et al. (2000) which suggest that in fast moving meteoroids, the flow regime will be shifted upwards and the shock wave should, indeed, form at higher altitudes.
Moreover, the presence of the vapour cap in strongly ablating meteoroids will also affect the flow regime (Popova et al. 2000) . This might explain why, typically, fast meteoroids can be visually observed sooner than slow meteoroids. Conversely, slow meteoroids will reach lower altitudes before the shock wave can be detected (see, e.g. Silber et al. 2018a ).
Figure 2d illustrates that infrasound masses have a tendency to towards lower Knr,
while photometric masses show a spread across all Knr and thus exhibit a weak relationship. In principle, this tendency is due to the already mentioned mass overestimation through infrasound analyses. A plausible explanation for this apparent discrepancy is the formation of hydrodynamic shielding, which could, in principle, affect the energy deposition and thus the size of the blast radius. In fact, Eq. (1) assumes that no or very little ablation is taking place, which, in reality, is rarely the case. Therefore, the infrasound mass derived from the energy deposition (and the blast radius) might not necessarily correspond to the physical mass of the object itself. In some cases, both infrasonic and photometric JVB masses may differ notably relative to the photometric IE and FM masses. In principle, the larger the meteoroid cross section, the larger the number of collisions against atmospheric particles, and the sooner the vapour cap is formed.
Consequently, larger masses (which represent larger sizes if the same value of density is assumed) are consistent with lower Knr, which agrees with the results shown in Figure   2d . Finally, the broad distribution of IE and FM masses is expected, as the meteoroid mass (or size) is only one of several factors (e.g., altitude, velocity) controlling Knr.
Another important point to note is, as discussed by Popova et al. (2000) , that the vapour cap will shift the meteoroid continuum flow regime to higher altitudes. This is because the presence of the vapour cap effectively increases the cross section of the region colliding with air molecules.
Validation of the results with two Knudsen classification scales
Matching the resulting Knr to a specific level of the classical Knudsen scale is somewhat subjective. The uncertainties in the mass (and thus size) derivation lead to different values. As shown in Table 3 , despite minor differences, the three Knr numbers obtained from the JVB, IE and FM photometric masses show little variation in terms of the flow regimes. The task of assigning a flow regime when Knr value lies near the flow regime boundaries is strictly related to the precision at which we accept these boundaries to be sharp, although, in reality, this transition is not necessarily sharp. Slight Knr variations around these 'edges' are merely nominal and so if two different masses lead to the same flow regime, this is accepted as the current state. According to this scheme, 33%
of the meteoroid data set is in the transitional regime, 46% in the slip-flow and the remaining 21% has already reached the continuum flow. Note that these statistics are only used to get a preliminary view of the phenomenology; indeed, for some events the Knr is on the boundary between the slip and continuum regimes. A similar discussion can be applied to the Tsien (1946) scale. In this case, the meteoroid data set shows the following distribution: 88% in the slip-flow regime and 12% in the continuum flow regime.
In view of these results, the use of three different masses (JVB, IE and FM) for each meteoroid proves that the effect of the assumed meteoroid bulk density value is not critical. Even in the case of the largest difference between mass estimates (meteoroid ID 20110808), the Knr number does not vary by much (this is so in both scales). Furthermore, the effect of the extreme meteoroid bulk densities (according to the PE scale: 270 and 7000 kg/m 3 ) were explored showing that for the lowest density case (270 kg/m 3 ), the flow regime may vary for 33% of the events in the classical scale and 12% in the Tsien's scale.
In the classical scale, these events shift either from the transitional to the slip flow regime, or from the slip flow to the continuum regime. However, it should be mentioned that most of these cases were previously lying in-between the two flow regimes using the assumed stony meteoroid bulk density. Moreover, the use of the Tsien's scale shows that only three cases move to the continuum regime, but once again, these were close to the boundary cases. The use of the highest bulk density (7000 kg/m 3 ) leads to the variation in two cases in the classical scale and one case in Tsien's scale, all shifting from the continuum to the slip flow regime. These small variations due to the bulk density are expected as the effect of either the mass or the bulk density only affects the meteoroid characteristic size which was determined to be in well constrained.
Even though the meteoroid data set in this study is not considered to undergo abrupt deceleration (Silber et al. 2015 ), we examine a certain level of deceleration to overcome the effect of any measurement inaccuracy in our results. This is because the meteoroids, by their very nature will undergo ablation (more or less strong), which in turn will result in deceleration, especially at lower altitudes. A new value of this velocity was applied assuming a deceleration of 30% (this value exceeds typical deceleration values for centimeter sized meteoroids, see Jenniskens et al. (2011) , but will help in understanding the effect of the velocity on the derivation of the Knr). It must be emphasized that the entry velocity used here was that obtained at the first luminous observed point of the meteor trajectory; at that point, the shock wave may have already been formed. Although the shock source heights shown in Table 2 , column 2, indicate points within the luminous trajectory, these points represent the earliest point in the trajectory at which the shock wave was detected. However, the shock wave could certainly have appeared even earlier.
According to this, our results show that there are only two different event flow regimes that change in the classical scale and the Tsien's scale. Thus, introducing deceleration in order to account for any inaccuracies in the calculation of the entry velocity does not affect our results, and only two events shift from the continuum flow to the slip flow regime. The reason behind this apparent flow regime invariability is the energy conversion at the shock front. The transformation of the kinetic energy of the incoming gas flow at the shock front elevates both the temperature and the density in the shock layer. However, on one hand, the gas density, which remains too low, and the small size of the body still balance the increase due to the velocity variation (see Eq. (2)); on the other hand, these high temperature conditions provide dynamic viscosity values that are well below 1. Consequently, the Re number does not vary significantly. However, this small variation still alters the boundaries of the Tsien's scale (see the comments in the Introduction section) which tend to shift towards higher Knr. Using this new velocity value, all meteoroids in our data set propagate under the slip-flow conditions, except for one case, which remains in the continuum regime. Although this new velocity, accounting for deceleration, is more extreme than should occur in the MLT, we use it to test the parameter space bounds in our calculations.
The two Knr numbers derived from the infrasound linear and weak shock wave period masses are quite similar (see columns 5 and 6 in Table 3 ), and generally different from the JVB, IE and FM Knr numbers. We reiterate that the JVB masses do remarkably differ from the IE and FM masses and, in several cases resemble the mass of the infrasound linear and weak shock methodologies. This could open the discussion on whether the JVB methodology is accurate enough. A previous study that critically compared photometric masses to those derived through dynamic approach (Gritsevich 2008a) , also demonstrated that more work is required to reconcile the apparent differences. However, its use helps understanding the effects of possible erroneous measurements on the Knr determination.
The use of exclusively the infrasound masses leads to 54% of the events in the slip-flow regime and a 46 % in the continuum regime according to the classical scale. As for the Tsien's scale, 79% of the cases are in the slip-flow and the remaining 21% in the continuum regime. Despite the small size of the data set, it can be recognized that these results agree with those derived using the classical scale. In fact, except for one case, all the five masses provide the same flow regime when the Tsien's scale is in use. This is because, as derived from the previous discussion and Eq. (2), the value of Knr is strongly influenced by the entry velocity and the atmospheric gas conditions at the height where the shock wave is detected. These parameters are principally gathered in the Re number.
Moreover, the importance of the viscous effects that are already relevant in the expanding vapour gas is held in the Re number; this suggests that the use of the Tsien's scale is more appropriate in this study. Conversely, the use of the classical scale does not take into account the actual physical scenario that viscosity may create. It is therefore interesting to note that there could be other more complex combinations of fluid dynamics dimensionless characteristic parameters that could delimit more appropriately the meteoroid flight regimes.
The results provided indicate that the flight flow regime for most of the meteoroids in this data set is between the lower half of the slip-flow regime and the beginning of the continuum regime (the Tsien's scale is assumed here). If it could be further verified that the shock wave forms in these regimes, it would be in agreement with the work of Rajchl (1972) . However, there is no clear evidence of that and the suggestion of Probstein (1961), by which the shock wave may gradually form once past half of the transitional regime, cannot be rejected. Future studies should be done in this regard.
We note, while the assumption that γ = 1.4 might be a simplification, it still provides reasonable results that are consistent with the observations. For example, as expected, no meteor event is found to be in the free molecular flow at altitudes that suggest the presence of the shock wave. The consideration of varying γ is best suited for numerical models, although some modeling studies did apply γ = 1.4 and found that the main dependences of the vapour (hydrodynamic shielding) parameters, and consequently the temperature and density jumps, are the size and the altitude of the meteoroid (see Popova et al. 2000 and Section 1.2). Also, the consideration of an ablating centimeter-sized meteoroid entering at velocities up to 73 km/s is very different and profoundly more complex than, for example, a much larger re-entry vehicle at significantly lower velocities (e.g., 7 km/s) (see Silber et al. 2018b for discussion).
Finally, the current study uses a reference frame located on the surface of the meteoroid (see the discussion in the Introduction), thus moving with the body (i.e. local phenomena). However, although well beyond the scope of this paper, it could also be possible to combine this information (Knr, local) with the information that arises from the global picture, that is, the Kn study of the immersed body (meteoroid plus the vapour gas cap) in the surrounding gas flow. The global and local outcome retrieved from studying both parameters could be of interest in analyzing individual cases and should be considered in future studies.
Implications of the shock wave information in the study of the flow regimes
Infrasound observations shed light on only a portion of the whole event. As stated by Silber & Brown (2014) , infrasound indicates the earliest confirmed point at which the shock wave originated, but the question what the maximum altitude is at which the shock waves can form remains open. This is indeed a source of uncertainty, but it also validates the fact that meteor shocks form at much higher altitude than they would by theoretically considering their size alone. For instance, it can be found within the meteoroid data set that some members show high altitude infrasound, which is in line with previous studies for centimeter-sized bodies (Brown et al. 2007; Silber & Brown 2014 and references therein). Thus, there is already a shock wave at these altitudes. Even in those cases, this study shows that the Tsien's scale appropriately describes the flow regimes even for these high-altitude events. Note that thus far, no observational or modeling studies have resolved the intricacies associated with the formation of a shock wave in the MLT region for meteoroids traveling at hypervelocity and in the rarefied flow conditions.
Furthermore, at present, there are no numerical models that account for all meteor associated phenomena (e.g. ablation, radiation) in the rarefied flow conditions. Thus, this should be the focus of future studies. Popova et al. (2000) discussed the flow regimes for a Leonid meteoroid with entry velocity of ~72 km/s. As stated before, the meteoroid propagates under the free-molecular flow conditions until the onset of intense evaporation at lower heights. Due to this mass loss, the vapour cloud (or hydrodynamic shielding) forms gradually, and when the mean free path within the vapour cloud is much smaller than the meteoroid radius (lv ~ 0.1r) the screening acts more efficiently and the meteoroid is no longer in the free -molecular regime. The vapour cap is then formed and the meteoroid enters the transitional flow regime between the free flow and the continuum regimes. Note, however, that Popova et al. (2000) use the classical scale and so lv ~ 0.1r represents the "boundary" between the transitional and slip-flow regimes when Knr is considered. Note also that the transition regime mentioned by Popova et al. (2000) should really account for the slip-flow regime in the classical scale as it is derived from the use of the classical scale (0.01 < lr/r < 0.1).
One additional consideration to be noted, as stated by Popova et al. (2000) , is that once the vapour temperature exceeds 4000 K, the cloud becomes optically thick, and so it hinders the release of the increasing energy within the vapour cloud in the form of radiation. This latter effect may increase the vapour pressure as described in Section 1.2 of this work, leading to the formation of a shock wave.
This study deals with the meteoroid flow regimes from an observational aspect and upon the formation of the shock wave. We use an adaptation of Figure 1 of Popova et al. (2000) to plot our meteoroid data set and to put our results in perspective. This is shown in Figure 3 . This figure includes the boundaries and flow regimes as described by Popova et al. (2000) for 10 -2 to 10 cm sized Leonid meteoroids considering a dense vapour cloud in front of the body. The altitude used to plot our data is that at which the shock wave is detected (the shock source height), whereas as for the meteoroid size, a mean value for the estimated sizes (see Table 3 ) through various methodologies is chosen. (2000) are also plotted.
In order to provide a deeper insight in the results we have used different shapes and colors in Figure 3 to indicate the flow regime of each meteoroid as derived in our study (Table 3) Popova et al. (2000) for their Leonid meteoroids, and so they do not represent the calculated flow regimes for our meteoroid data set.
The first thing to be noted is that the presence of a shock wave indicates that our meteoroids are located below the line of Tv ~ 4000 K, which is indeed the case. However, the existence of a shock wave changes the conditions in the vapour cloud and thus the meteoroid could reach the lower Kn earlier. Although the division of flow regimes by Popova et al. (2000) does not directly apply to our data set, it can serve as the basis for visualization. It can be seen that the continuum flow regime is not reached by nearly any of the meteoroids in our data set. Indeed, the slip-flow regime is achieved at a wider range of heights. It should be noted that the delimitation of the flow regimes by Popova et al. (2000) applies to Leonid meteoroids with a roughly fixed entry velocity of 72 km/s, whereas our meteoroid data set shows a range of entry velocities (13.5 -71.2 km/s, as shown in Table 2 ). However, our data set contains three meteoroids with entry velocities The formation of the hydrodynamic shielding and eventually the shock wave alters the mean free path in the vicinity of the meteoroid, and therefore the flow regime conditions. This implies a dynamical scenario that could be difficult to track using a fixed classification of the classical Knudsen scale. As per our results, we suggest that the formation of the vapour cap (or hydrodynamic shielding) should be re-evaluated in the definition of the meteoroid flow regimes. In fact, the vapour cap plays an important role in the generation of the shock wave, and the extent of this role should be the scope of more sophisticated models (yet to be developed) and future studies. In these terms, the introduction of a classification scheme that accounts for changes in the surrounding conditions, such as Tsien's scale, seems more reliable.
CONCLUSIONS
This study has explored the utility of meteoroid infrasound to unravel new clues on the atmospheric flight regime of centimeter-sized bodies. Coupled with optical observations, infrasound provides conclusive evidence of the existence of meteor generated shock wave at a given altitude. As the meteoroid penetrates deeper into the atmospheric layers, the incoming flux of atmospheric particles increases, and the ablation process starts. Sporadic gas molecular collisions become more regular, triggering an intense vaporization process. This leads to the formation of a vapour cloud in front of the meteoroid. Once the pressure of this cloud exceeds that of the surrounding atmospheric gas, it expands, and a detached shock wave is formed in front of the meteoroid. The acoustic by-product of the shock wave (infrasound) can be detected under certain conditions from ground-based instruments. The use of that information has been implemented here to reach the following conclusions:
i) Previous works based on infrasound analysis demonstrated that the infrasound study could positively identify the earliest point at which it can be claimed that a shock wave is present. Furthermore, those studies also suggest that the meteor shock wave could form much earlier than predicted by classical methodologies. On the other hand, despite the limited information provided, infrasound seems to be a robust means to determine the flow regime of meteoroids. This study provides the first observational verification of the Knudsen scale using information obtained through infrasound for a data set of centimetersized meteoroids. This data set represents the only well-documented and well-constrained set of such events to-date.
ii) Our results are consistent with the use of a reference frame attached to the meteoroid body, in contrast to the gas flow attached reference frame. Such approach is not only more convenient, but also more representative of realistic conditions. Moreover, it has been shown that the flow regimes could be considered within boundaries delimited as function of several fluid dynamic dimensionless parameters (i.e. Kn, Re, Ma). The results reinforce the theoretical approach that claims that a scale based in the Kn and Re numbers illustrates the physics of the problem more accurately. The differences between the flow regimes derived from the theoretical and observational approaches have been discussed. While no strong conclusion could be derived as the formation height of the shock wave cannot be determined yet, this study suggests that the shock wave for cm-sized meteoroids is already formed in the slip-flow regime (or even late transitional flow regime).
iii) This study also explored whether the use of information derived from different Table 2 . Shock wave analysis: shock source height and its error values derived from infrasound study; and gas flow conditions upstream and downstream calculated using the Rankine-Hugoniot equations. Columns are organized as follows: (1) the meteoroid ID; (2-3) the source height of the shock wave and the associated error; (4) the entry velocities (which are used to estimate the incoming gas flow velocity, as described in the main text); (5-8) the gas temperature, gas density, sound speed and Mach number upstream, respectively; (9-14) the downstream conditions in the following order: (9) gas temperature, (10) gas density, (11) Mach number, (12) sound speed, (13) gas velocity and (14) the gas dynamic viscosity. Table 3 . Knudsen numbers, Reynolds numbers and meteoroid flow regime analysis: (1) event ID; (2-6) Knr as derived from the five possible masses discussed in Section 3; (7-11) the Re number using these five masses; the flow regime according to the classical scale (see the Introduction) and the scale described in Tsien (1946) as obtained from the JVB, IE and FM masses (12-13), and the masses derived from the infrasound detected signal (linear and weak shock period) (14-15). Figure 1 of Popova et al. (2000) . The lines and regions are as in Popova et al. (2000) : the intense evaporation line (continuous top line) and the continuum flow (continuous bottom line) boundary for the Leonids (0.01 cm sized meteoroids with entry velocities around 72 km/s); the boundary that indicates the moment the mean free path (lv) becomes 0.1 times the meteoroid radius (lv~0.1r) or, conversely, the beginning of the slip-flow regime when the classical scale is in use (dashdotted line); and the line below which the vapour cloud temperature (Tw) exceeds 4000 K (dotted line). The flow regime regions for these Leonid meteoroids as derived by Popova et al. (2000) are labelled. The mean meteoroid radii from the JVB, IE and FM photometric masses are shown in panels (a) and (c). While panels (b) and (d) plot the results for the mean meteoroid radii derived from the infrasound methodologies (linear and weak shock periods). The flow regimes as derived from the two scales analysed in this study are represented by data points with distinct colours and shapes. Blue circles are used for meteoroids in the transitional flow regimes. Orange triangles represent those meteoroids in the slip-flow regime. Green squares indicate the continuum regime. The panels on the left (a, b) account for the flow regimes when the classical scale (CS) is considered, whereas in the panels on the right (c, d), the meteoroid flow regimes are based on the results using the Tsien's scale (TS).
Finally, the horizontal error bars represent the standard error from the mean, and the altitude error as described in Table 2 . Note that some error bars are small and contained within the data points.
